Abstract The amplification caused by gravitational light bending by compact objects in a foreground galaxy can affect the apparent number density of background QSOs, as well as their distribution in the fields of galactic halos. In this work we investigate the distribution of QSOs in the fields of galactic halos caused by point mass lensing effect and singular isothermal lensing effect, and apply the microlensing effect due to dark compact objects in the halo to NGC 3628. NGC 3628 is a well-studied nearby edge-on Sbc peculiar galaxy, where QSOs are shown to be concentrated around the galaxy with a density much higher than background. We find that the statistics of the distribution of QSOs in the fields of galactic halos of nearby galaxies can be used to probe the nature of dark matter, and we also show that the dark matter mass may be one to two orders of magnitudes higher that inferred previously from the measured rotation curve in NGC 3628. We suggest that these point mass lenses in galactic halos are massive non-baryonic black holes.
INTRODUCTION
Ultra-Luminous X-ray sources (ULXs) have been found from several nearby spiral galaxies and they are commonly believed to be either stellar mass compact systems or intermediate-mass black holes (IMBHs) (see for example, Miller and Colbert 2004 and references therein) . However, a considerable fraction of these ULXs have been identified as QSOs with high redshifts (Arp et al. 2002 (Arp et al. , 2004 , and these QSOs are shown to be highly concentrated around these galaxies; it has been proposed that these ULXs are "local" QSOs physically associated with these galaxies, with high intrinsic redshifts in the process of being ejected from those galaxies (Burbidge et al. 2003a (Burbidge et al. , 2003b . On the other hand, if these ULX-QSO associations are real and the QSOs are cosmologically distant objects, then there must exist a mechanism responsible for enhancing the apparent QSO number density and concentration towards the center of their foreground galaxies in flux limited observations.
In this paper we propose that these QSOs are magnified by gravitational lensing effect due to compact objects in galactic halos of their foreground galaxies. We find that the local fractional number density enhancement is insignificant unless that a considerable portion of dark matter in galactic halos are compact objects, by comparing microlenses and singular isothermal lenses with the same total mass as shown in Part 2. Furthermore, assuming that this concentration of QSOs around foreground galaxies is caused by microlensing effect due to compact objects such as black holes in galactic halos, we can derive the mass distribution in dark matter halos. In Part 3, we apply this microlensing effect to NGC 3628 which is a well-studied nearby edge-on Sbc peculiar galaxy. Throughout this paper, we adopt a QSO luminosity function given by Ueda et al. (2003) with a 2-10 keV flux limit of 3 × 10 −14 erg cm −2 s −1 and isotropic QSO luminosity lower limit of 10 44 erg s −1 .
QSO DISTRIBUTION IN THE FIELDS OF GALACTIC HALOS
For a given total mass, galaxies at different distances will show different gravitational lensing effects and therefore the QSO distribution in the fields of galactic halos will be different.
Microlenses vs smooth lenses
For nearby galaxies, a halo with microlenses will amplify the background QSOs much more effectively than a halo with the same amount of mass but distributed smoothly, e.g., in the form of WIMPs. We first compare an extreme example of lensing in which all the mass in the galaxy is either in the form of a point mass (i.e., microlens) or a smoothly distributed mass (i.e., singular isothermal lens). For a galaxy with mass M and typical size L, the Einstein radius r Ep for the microlens is given by:
where
Ds , and D l , D s , D ls are angular distances between the lens (foreground galaxy) and observer, the source (background QSO) and observer, QSO and galaxy, respectively.
For a singular isothermal lens, its properties are characterized by a one-component velocity distribution σ . The density and mass within a radius r are,
and the Einstein radius r Ei is given by,
.
We re-write the above equation as,
It is clear that r Ei < r Ep for D ≤ 2 * 10 3 Mpc (z ≤ 0.4) for a 10 12 M ⊙ galaxy with a radius of 20 kpc. Since in the low-optical-depth limit and in the condition of point lens approximation, the amplification of background QSO caused by microlenses depends on the total solid angle of Einstein rings and consequently depends on the total mass of microlenses, the microlensing induced QSO number enhancement is independent of the mass function of microlenses and widely-distributed microlenses would behave the same way as a single object with a given total mass. Therefore we can conclude that microlenses are more effective than smoothly distributed singular isothermal lenses for nearby galaxies. It is thus possible to use background QSO distribution in the fields of galactic halos of nearby galaxies to distinguish between dark matter halos made of smoothly distributed matter such as WIMPs from those made of point mass lenses.
QSO number enhancement in the fields of galaxies
In the low optical depth regime, the microlensing induced QSO number enhancement in the fields of galaxies is independent of the mass function and spatial distribution of microlenses, and only relies on the total mass of dark matter microlenses M and redshifts z of galaxies (e.g., Paczynski 1986b). Fig. 1 shows the net number enhancement δN of QSOs in the field of a galaxy within a radius 20 kpc as a function of redshift of the galaxy due to microlensing of point lens dark matter. For an observed QSO number N , the statistical uncertainty σ is σ = √ N . This should be compared with the net number enhancement caused by microlensing:
, which is shown in Fig.2 . We see that:
(1) The three curves, corresponding to different total masses of microlenses in the galaxy, are very different. Therefore if a considerable portion of halo dark matter is in the form of microlenses, statistics of background QSO distribution in the fields of galactic halos can be used to determine the total mass of microlenses.
(2) Though the net number enhancement in nearby galaxies is far more than distant galaxies because they cover larger sky areas, the statistical value
is relatively flat as a function of the redshifts of foreground galaxies. This tells us that number counts of background QSOs in spatially resolved fields of foreground galaxies are sensitive to the galaxy distances and thus may be used to study the cosmological parameters such as dark energy, but the simple QSOgalaxy correlation is insensitive to galaxy distances. We will return to the issue of QSO-galaxy correlation in the last part of the paper.
APPLICATION TO NGC 3628
NGC 3628 is a well-studied nearby edge-on Sbc peculiar galaxy in the Leo Triplet. Dahlem et al. (1996) have listed many X-ray sources in the ROSAT-detected hot gaseous halo of NGC 3628, and they found this number density is higher than background with a 1.5σ deviation. They also pointed out that most of these X-ray sources in the halo of NGC 3628 are probably background AGNs. Recently, Arp et al. (2002) identified several confirmed and probable QSOs in the halo of NGC 3628 and they found these QSOs are highly concentrated around NGC 3628. Confirmed X-ray QSOs from Weedman (1985) , Dahlem et al. (1996) and Arp et al. (2002) are listed in Table 1 .
Assuming that this concentration is caused by microlensing effect due to point masses such as black holes in NGC 3628's dark matter halo with a spherical symmetry, by using the X-ray QSOs data taken from Flesch's whole-sky X-ray/radio/optical overlays catalogue as shown in Table 1 . and the QSO X-ray luminosity function given by Ueda et al. (2003) , we can infer the mass distribution of dark matter halo in NGC 3628, as shown in Fig. 3 . and Fig. 4 . Here we adopt a distance to NGC 3628 as D l = 6.7 Mpc (de Vaucouleurs 1975) . From Fig. 3 , the observed numbers of QSOs at all radial distances are systematically higher than the expected background QSOs without microlensing effects; the excess agrees with the model predictions with inferred central mass density between 0.5 − 2 × 10 10 M ⊙ /kpc 3 (Fig. 4) , roughly about two orders of magnitudes higher than that inferred from the rotation curve of NGC 3628.
CONCLUSIONS AND DISCUSSIONS
We have reached the following conclusions in this paper:
1. From eqn. (4), microlensing (e.g. from black holes) in nearby foreground galaxies may enhance the number of background QSOs in flux limited detection much more effectively than lensing effects caused by smooth lenses (e.g. WIMPs).
2. From Fig. 1 , the QSO number enhancement is sensitive to the distance of the foreground galaxy, and thus may be used as a distance measure of galaxies. Fig. 3 The number of confirmed X-ray selected QSOs within a radial distance from NGC 3628, compared with the expected number of X-ray selected background QSOs without microlensing effect. The circles are from Table 1 , and three curves are theoretical microlensing models calculated by using QSO luminosity function given by Ueda et al. (2003) with a flux limit given by the faintest detected QSO in this region. Fig. 3 . The plus signs are for the dark matter distribution inferred from the rotation curve given by Wilding et. al. (1993) , by assuming that the rotation velocity is the Keplerian velocity in Newtonian gravity (however Negi (2003) interpreted the rotation velocity differently with dark matter density two orders of magnitudes higher; see discussion No.5 in the last section).
3. Assuming the observed QSO excess in NGC 3628 is caused by microlensing of objects in the dark matter halo of NGC 3628, we estimate the total dark matter density in the halo is about two orders of magnitude higher than that inferred from rotation curve of NGC 3628.
However, the following points are worth further discussions: 1. There are two simplifications used in this work. First, we assume a uniform distribution of microlenses and the total magnification is given by the simple superposition principle. As pointed out by Nityananda & Ostriker (1984) that the perturbation coming from weak scattering of multiple lenses along the line of sight can increase the number of images and the amplification in one point mass, and the true amplification can be significantly greater than that given by superposition. Further more, the probability of multiple lenses will increase significantly if significant dark matter substructures exist in galactic halos, thus the simplification will further over-estimate the total amount of dark matter in galactic halos. Therefore for a given QSO concentration in the field of galactic halo, the true mass of microlenses will be less than what we estimated above. Nevertheless it is unlikely that this simplification may reduce the estimated total microlens mass by more than one order of magnitude. Without further quantitative calculations, which is the subject of our future investigations, we believe that it is reasonable to place the central dark matter density between one to two orders of magnitude higher than that estimated previously from the rotation curve of NGC 3628. Second, we used the approximation of point mass lenses in low optical depth region, although the optical depth approaches to unity in the inner region of NGC 3628.
2. For point mass lenses, since the area within the Einstein radius is proportional to the total mass, amplification is independent of the mass function of lenses when the optical depth is low. However, as pointed out by Paczynski (1986a) , a point source approximation is not suitable for microlensing on objects with low mass such as less massive than Jupiter, when the projection of the QSO onto the sky is larger than the Einstein rings of point mass lenses. Therefore if lenses consist of very low mass objects, microlensing effect will be less important.
Consequently the only mass limit placed from this study alone is that the lenses must be more massive than Jupiter. Further limits could be obtained by combining with other limits on mass and population of compact objects in dark matter halos, such as given by the MACHO project, galactic dynamics, evolution of halo wide binaries (e.g., Alcock et al. 2001; Afonso et al. 2003; Lacey & Ostriker 1985; Murali et al. 2000) . Since these limits leave an allowed mass gap of massive compact halo objects between 30M ⊙ to 10 6 M ⊙ , we suggest that these microlenses are black holes.
3. The estimated much higher concentration of dark matter in galactic halos should be further evaluated critically in light of previous studies of MACHOs through monitoring lightcurves of stars, galactic dynamics, and evolution of halo wide binaries (e.g., Alcock et al. 2001; Lacey & Ostriker 1985; Murali et al. 2000; Yoo et al. 2004) , because all these studies have assumed that the total mass of MACHOs is the same as that inferred from the galactic rotation curves. If our result is in direct conflict with these constraints, a new understanding of the observed QSO excess in NGC 3628 is required.
4. It is well known that the previously estimated dark matter in galactic halos is only a very small portion of the total dark matter in the clusters of galaxies (see for example the recent review article by Overduin and Wesson (2004) ). Our estimate of total dark matter in the galactic halo of NGC 3628 is significantly higher than previous estimates. If this estimate is typical of all galaxies, we may conclude that a major portion, if not all, of the dark matter in clusters of galaxies is contained in all individual galaxies, rather than between galaxies as assumed (but never observed) previously. Further studies of the microlensing effects of many more galaxies may be able to place a tighter constraint on the total amount of dark matter in all galaxies. From the big bang theory and many observations and simulations on the cosmic microwave background and large scale structure, the baryon density Ω b is only 0.044 ± 0.004 (Bennett et al. 2003) , therefore these point mass lenses must be made of non-baryonic matter.
5. Our result on the dark matter density in the halo of NGC 3628, taken at the facevalue (however see discussion item 1 above), is drastically different from that inferred from the measured rotation curve. However our result is in qualitative agreement with several recent studies. A recent discovery made by Muno et al. (2004) , who found a 8 keV plasma in the Galactic center in a deep Chandra observation, suggests that the amount of dark matter in the Galactic center may be significantly more than estimated previously from the rotation curve. This is because the plasma is too hot to be bound to the Galactic plane with a sound speed of 1500 km s −1 , which exceeds significantly the escape velocity given by the previously assumed total mass in the Galactic center. There is also a theoretical model proposed by Negi (2003) , who pointed out that due to General Relativity effects, the conventional Keplerian velocity (in Newtonian gravity) assumption for the measured rotation velocity of the luminous matter in spiral galaxies is no longer valid and these massive "particles are allowed to move in spiral-like orbits and confined between a minimum and maximum distance from the center, depending on the initial conditions; the precise trajectories of these luminous matter are determined from GR dynamics. Consequently the actual total mass of dark matter in spiral galaxies should be about two orders of magnitudes higher than inferred previously from measured rotation curves. This assumption may be tested by future observations of the orbits of stars and gas in spiral galaxies. Further more, dispersion velocity measurements of several elliptical galaxies require no dark matter in these galaxies (Romanowsky et al. 2003) , suggesting that the standard method of inferring dark matter from velocity measurements may be problematic. We leave this issue for further critical investigations.
6. The lensing effects of background QSOs by foreground galaxies have been investigated by many people to explain the QSO-galaxy correlations (Turner et al. 1984; Schneider 1987; Williams 2000; Benitez et al. 2001) . As pointed out by Narayan (1989) , the QSO-galaxy cor-relation does not distinguish between smooth lensing and microlensing. It was also commonly known that the QSO-galaxy correlation is a combined effect of both amplification (due to lensing) and de-magnification (due to reduced solid angle coverage of background QSOs). However, because our purpose is to count the number of QSOs in the spatially resolved fields of foreground galaxies, microlensing is significantly different from smooth lensing (as shown in Sect 2.1) and the de-magnification effect does not exist.
